reduction has been attributed to both stomatal and nonstomatal limitations [12, 13] . Furthermore, stomatal closure is the fi rst line of defense against desiccation, since it is much quicker than changes in roots growth, leaf area, chloroplast ultrastructure, and proteins [14] . In addition, it is often argued that the reduction in C i , as a result of stomatal closure, is the main cause of photosynthesis reduction [15] . Non-stomatal limitation of photosynthesis may be attributed to reduced ribulose-1, 5-bisphosphate (Rubp) regeneration [16] or to a reduced amount of functional Rubisco [17] .
Drought affects other processes involved in the development of plants in arid regions, including leaf surface, biomass production, and water use effi ciency (WUE). This parameter is a key factor that determines plant productivity and improves crop performance under drought conditions [18] . WUE was defi ned differently. In terms of agricultural production, this parameter can be calculated as the ratio of the produced dry matter and the quantity of the transpired water during a period of time and it is called water use effi ciency of productivity (WUEp) [19] . For physiologists, it is calculated as the ratio of photosynthesis-transpiration (P N /E). In previous studies, mild drought stress increased plant WUE; this increase is attained largely by stomatal closure, which will decrease transpiration, rather than by maintenance of photosynthetic activity [20] .
Tunisia is among the places most highly threatened by water shortages. This problem is widespread, especially in the southern oases. These areas are subject to Saharan impact and are characterized by low and irregular rainfall (averaging between 100 and 200 mm per year), standing drought during the year and tight vegetation. Soils in these regions are shallow, with low organic matter content. Winds are relatively frequent, ranging from 40.7% in Medenine (southeastern Tunisia) to 66.4% in Kebili (in the southwest) with a speed upper to 4 m s -1 [21] . Southern Tunisian oases are known throughout history by their crucial role in the development of dry lands [22] . For this, it is necessary to preserve these regions from disappearance. The development of crop plants tolerant to various environmental stresses is a burgeoning fi eld of stress biology and it is considered to be the most challenging. Additionally, in arid zones the use of plant species resistant to drought decreases the costs of both maintenance and watering, and it increases the plants' holding and survival successes [23] . Furthermore, understanding plants responses to drought and others stresses can play a major role in stabilizing crop performance and in the protection of natural vegetation.
Perennial alfalfa (Medicago sativa L.) is one of the most important legume forages all over the world and it is wildly planted in the southern Tunisian oases. This plant is particularly important as a high-quality forage crop and a source of value products [24] . Due to its capacity of symbiotic nitrogen fi xation, lucerne is often used to improve soil fertility and particularly soil nitrogen content and has adapted to southern Tunisian farming regions.
It was observed that plants can adapt to changes over different timescales, and three adaptive strategies have been recognized as plant responses to drought: escape, avoidance, and tolerance [25] . In this context and as part of the approach aimed to investigate the physiological mechanisms underlying drought tolerance to water defi cit stress in alfalfa, we investigated photosynthetic responses. The aim of the present study was to evaluate and compare the drought tolerance of three Medicago sativa populations that frequently existed in the southern oases of Tunisia and to identify an adaptation feature that enables alfalfa plants to survive drought. This study concerned the effects of water defi cit on P N , E, g s , WUE, WUE p , and C i in relation to L A and RWC.
Materials and Methods
Plant Material, Experimental Design, and Growth Conditions
To investigate the effect of water stress on alfalfa, seeds of three populations of lucerne (Chenini, Gannouch, and Tebelbou) were collected from Gabes Coastal Oases (latitude 33°35' N, longitude 10º48'3''E, altitude 105 m). Plants were planted in February 2009 in the experimental fi eld of the Institute of Arid Lands in southern Tunisia. Plantings were done in pots (10L plastic pots), each pot contains a mixture of 2/3 sand and 1/3 oasis soil. All the samplings were well watered until complete leaf sprouting occurred and fully expanded leaves were visible. After a month of planting, the treatments were initiated.
The plants were then placed randomly in complete bloc design while maintaining fi ve plants per pot. The plants were hydrated every two days with a quantity of water necessary to maintain the ideal moisture level in the substrate, corresponding to different percentages of fi eld capacity. Four treatment levels were applied: 25, 50, 75, and 100% (control) of fi eld capacity with four replicates for each treatment.
The study was undertaken for the spring period (corresponding to the early-fl owering stage in alfalfa plants) in controlled conditions of a greenhouse with a thermoperiod of 26ºC (day) and 18ºC (night). Daily maximum relative humidity (RH) ranged from 65 to 70%. Average daily photo-synthetically active radiation (PAR) inside the greenhouse was 500 μmol m -2 s -1
. All the sampling and measurements were made using fully expanded leaves of the third or fourth positions from the apex of the top branches.
Measurement of Gas Exchange Parameters
Gas exchange measurements were taken at the end of the experiment when plants were three months old. (H 2 O)] was calculated as the ratio of dry matter produced to the water consumed in a period of time. For this experiment, WUEp was calculated at the end of the experiment, dry weight of collected parts (leaves, stems, and roots) was measured immediately. Total dry matter (DM) was taken after 48 h in 80ºC. Water quantity was measured as the volume of water consumed for the experiment. This consumed water was measured every two days as the difference between the quantity of water given in irrigation time and the quantity of water kept in the drain placed in the bottoms of the pots.
Measurement of Chlorophyll a and b
To measure chlorophyll a (Chl a) and b (Chl b), 100 mg of fresh green leaves were cut at noon and crushed in mortar and pestle by adding 10 ml of 80% acetone [26] . The mixture was fi ltered through a fi lter paper; the chlorophyll content was determined by a spectrophotometer (SECOMAN; ANTHELIE 5) at 663 nm (for Chl a) and 646 nm (for Chl b). The following formulas were used: Chl a = 12.7 × (OD663) -2.67 × (OD645) and Chl b = 22.9 × (OD645) -4.68 × (OD663).
Measurement of Leaf Area (L A )
To measure leaf surface [cm 2 ], fresh leaves were collected and placed on a scanner machine. The images obtained was treated with mesurim (7.0) (specialized software) to determine the total leaf surface.
Relative Water Content (RWC)
Leaf water status was determined by measuring the relative water content (%) calculated according to the method of [27] : RWC% = [(FM -DM) /(SM -DM)] × 100, where FM is leaf fresh mass, SM is the mass after rehydration obtained by storing leaf samples for 24 h in distilled water, and DM is oven dry mass (105ºC) of leaves.
Statistical Analysis
Data were subjected to general linear model (GLM) with water stress treatments and their interaction. When the effect was signifi cant, differences between means were evaluated for signifi cance using the LSD test (P = 0.05). Statistical analysis was performed using SPSS software 18.0 for Windows statistical software package (SPSS, Chicago, IL, USA). Differences between populations were established by Duncan test. Data was represented as the mean value (four replications) with standard deviation of means (±SD). Duncan test was used to evaluate the difference between treatment levels and between populations. Correlations were determined using Pearson correlation test. Relationships between photosynthesis assimilation and several parameters were established by linear regression lines test. Table 1 shows means, standard deviations of means, signifi cance, and coeffi cients of variation of different parameters. Highest coeffi cients of variation were observed for Chl a and Chl b content and WUE (respectively 57%, 58%, and 52%), followed by 42% for g s , 35% for C i , and 37% for P N ; low coeffi cients were observed for E and RWC 29%.
Results
Drought application led to a highly signifi cant reduction on P N (p<0.05) as shown in Table 1 (Table 2) . g s was reduced signifi cantly and progressively (p<0.05) ( Table 1 ). 25 and 50% of fi eld capacity treatments affected the most g s . Tebelbou showed the most reduced values as compared to the two others populations ( Table 2) . Table 1 showed that water stress has a signifi cant effect on E. Between populations, there is a very big difference (p<0.05), with the highest reduction of E occurring for Gannouch, followed by Tebelbou and Chenini populations ( Table 2) .
Water stress induced progressive reduction on WUE (p<0.05). Means passed from a maximum average of 4.45 for plants exposed to control conditions to an average of 1.73 for plants exposed to severe stress. Highest values were recorded for Gannouch for control and stressed plants, whereas, Tebelbou showed the most reduced value for the same treatments.
Chlorophyll content decreased signifi cantly with increased stress levels ( Table 1) , while Tebelbou showed the most reduced values (Table 2) .
Water stress led to a signifi cant increase of C i . The highest values were registered under severe stress levels (25 and 50% of fi eld capacity; Table 1 ). Gannouch exhibited the highest values, especially under severe stress conditions, while the lowest values were recorded for Tebelbou, subject to the same conditions ( Table 2 ).
The change in RWC was highly signifi cant (p<0.05) depending on the applied stress levels. For the non-stressed plants, Chenini presented the maximum value of RWC at 90%. Furthermore, Tebelbou presented the highest value as 57% for moderate stress (75% of fi eld capacity) and 45% for treatment (50% of fi eld capacity).
The variation of WUE p shown in Fig. 1 indicates that this parameter increased progressively with the increasing Applying water stress induced a signifi cant reduction on L A (p<0.05). This reduction was especially accentuated for plants subjected to severe stress levels (Fig. 2) . Tebelbou exhibited the lowest values (Table 2) .
Pearson correlation analysis and regression lines shown in Tables 3 and 4 indicated that, overall, the coeffi cient of correlations (R) between different studied parameters are high and signifi cant (p<0.01), with values ranging between 0.161 and 0.900. Regression slopes indicated that C i , WUE p , L A , RWC, and g s explained, respectively, 81%, 77%, 66%, 58%, and 44% of the variation of P N at 1%.
Discussion
In response to drought, gas exchange parameters such as P N , E, g s , and WUE were reduced. It is observed that this reduction is greater for g s and P N . Furthermore, both variables showed a signifi cant relationship (p<0.01, R 2 = 0.633). This reinforces the hypothesis that the reduction of photosynthesis assimilation is almost associated with a stomatal conductance reduction under drought conditions. The same result was observed in alfalfa plants cultivated in China [28] and in Tunisia when their stress tolerance appears to be associated by their stomatal control of gas exchange [29] . However, photosynthesis limitation has often been attributed to a combination of stomatal and non-stomatal limitations [30] .
In this study we observed that a reduction on P N is negatively correlated with C i (p<0.001, R 2 = -0.900). These fi ndings are in accord with the same studies showing that photosynthesis reduction is accompanied by a slight increase in C i in alfalfa [31] . Overall, this increase is explained by indirect evidence of reduced mesophyll photosynthetic capacity, as carbon uptake becomes more limiting under water scarcity and respiration increases proportionally, leading to an increase in leaf intracellular CO 2 , altering plant carbon balance [32] . The correlation coeffi cient of P N with L A was highly signifi cant (p<0.001, R 2 = 0.815). Based on this data -and although it is generally accepted that stomatal closure is the main factor limiting photosynthetic activity under drought conditions -in this study non-stomatal limitations seem to be the main factor infl uencing photosynthesis assimilation. This is in agreement with [33] , which suggests the major implication of non-stomatal factors in the decline of photosynthesisespecially under severe drought conditions.
The reduction of g s is a major process of water economy by reducing transpiration. The same results were found in this study; however an insignifi cant correlation between Table 2 . Results of Duncan-test analysis at 0.05 on the effects of drought on the three studied populations (G: gannouch population, CH: chenini population, T: Tebelbou population) for different parameters: net photosynthesis rate (P N ), stomatal conductance (g s ), transpiration (E), water use effi ciency (WUE), content of chlorophyll a and b, relative water content (RWC), intracellular CO 2 concentration (C i ), leaf area(L A ), and water use effi ciency of productivity (WUE p ). Values followed by the same letter are not signifi cantly different at 5%. Fig. 2 . The change of leaf area (L A ) in alfalfa populations -Chenini (CHEN), Gannouch (GAN), Tebelbou (TEB) -subjected to four levels of water stress (25%, 50%, 75%, an d 100% of fi eld capacity). Values followed by the same letter are not signifi cantly different at 5%. Fig. 1 . The change of water use effi ciency of productivity (WUE p ) in alfalfa populations -Chenini (CH), Gannouch (GAN), Tebelbou (TEB) -subjected to four levels of water stress (25%, 50%, 75%, and 100% of fi eld capacity). Values followed by the same letter are not signifi cantly different at 5%.
P N and E was detected. (p<0.001, R 2 = -0.161). These results corroborate with similar other studies indicating that in most cases there was no direct correlation between these two parameters. [34] .
A reduction of WUEi is observed, especially for stressed plants. This result is in agreement with others showing that under severe stress conditions instantaneous water use effi ciency (WUE i ) decreases sharply in Medicago sativa and Medicago falcata plants [28] .
Contrary to WUEi, WUE p increased in response to drought for alfalfa plants. This change is considered a key factor determining plant productivity under limited water supply [35] , and it is mentioned as an adaptive response and a strategy to improve crop performance under limited water conditions [14] . In accordance with our results, many studies have found that WUE p increased with increasing water stress in alfalfa plants [36] . This change keeps being controversial, because improving WUE may confl ict with the high growth rate for many species [37] . Improving WUE in water-stressed plants is reinforced in this study by the Correlations coeffi cients (R
2
) between WUE p and P N and g s , respectively -0.880 and -0.852.
Drought has a signifi cant effect on chlorophyll content, especially chlorophyll a. This fi nding is consistent with others in Paulownia imperialis [38] and in others [39, 40] . This decrease has been explained by some authors as a photoprotection mechanism through reducing light absorbance [41] . Some studies have suggested that photosynthesis may also be controlled by the chloroplast's capacity to fi x CO 2 in Tunisian alfalfa species [29] . This seems to be in agreement with our study showing a high and signifi cant correlation coeffi cient between Chl a and b content and P N (p<0.001; R 2 = 0.828; R 2 = 0.740, respectively).
Drought decreased RWC in this study. The same result was observed in alfalfa plants [31] and in several legume cultivars such as Phaselus vulgaris [42] and Lupinus albus [43] . RWC is related and positively correlated with other parameters such as P N , g s , and chlorophyll content (R 2 = 0.712, 0.684, 0.866, and 0.848, respectively). These results agree with the results for Aeluropus lagopoides [44] .
Drought application also leads to decreasing L A , which is more pronounced under severe stress conditions. The same results are shown by [45] and [46] in alfalfa plants. This response was qualifi ed as an adaptation that can diminish consumption of water at the foliar level and increase absorption of water at the root level [37] , which may suggest higher drought resistance. The highest correlation coeffi cients between L A and E (0.740) and WUE p (0.945) reinforce the idea that the smaller surface area contributes to the limitation of water loss by lowering transpiration.
Regressions equations (Table 3) showed that linear slopes were variables indicating that photosynthesis assimilation is related to C i , WUE p , L A , RWC, and g s . Consequently, we can suggest that both stomatal and nonstomatal limitations govern photosynthesis variation in alfalfa plants. 
Conclusion
The present study found the Tebelbou population to be the most affected by stress conditions as it exhibited the lowest values for P N , Chl content, WUE, C i , and L A . The Gannouch population exhibit the lowest values for g s and E. Based on this data, the Tebelbou population seems to be the most tolerant. This tolerance is due to its capacity to reduce leaf surface in addition of maintaining the highest values for WUE p which are considered an adaptative mechanism for drought conditions.
The variability of drought tolerance between the studied populations may be related to their different growing origins, which has been proven in many studies, indicating that the tolerances of different origins to drought stress are different. But there are a few comparative studies of alfalfa cultivars differing in their drought tolerance. Thus the evaluation of genotypic variability to water defi cit is necessary for proposing new breeding programs. Besides, conducting similar studies on different species is an important way to identify the most resistant species to drought.
Photosynthesis is a very important life process for plants because it is a source of energy and nutrients, so it very important to study the variation of this process in relation to different stresses. However, our investigation is a small step in the study of photosynthesis and can be followed by a more comprehensive study.
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